(no soil cover) of amended waste materials, topsoiling, and the use of capillary barriers. Many studies have efforts. Yet, topsoiling may be necessary given the ad- 
D emands for mineral resources by our society are overlying topsoil and underlying wastes as a reclamation growing at a rapid rate and have resulted in an option (Stark and Redente, 1986, 1990; Barth, 1988) to increase of severe land disturbances. These impacts are reduce capillary rise of salts and trace elements and direct particularly evident in mountainous regions of the westcontact of plant roots with untreated waste materials. ern United States due to mineral exploration and mining Past research of alpine disturbances has indicated nuactivities. Concern over how to reclaim high-elevation, merous techniques that may be useful for reclamation acid rock mining disturbances in an ecologically responof these unique systems, but further research is needed sible fashion has led to much research on the subject.
to determine the best combination of these techniques.
Modifying traditional reclamation techniques to account
Objectives of this study were to (i) evaluate the effects for phytotoxicity and high acid production potentials of OM incorporation (mushroom compost vs. biosolids) of waste materials, limited topsoil availability, and the into waste rock materials on plant community developextreme climatic conditions characteristic of these sites ment, (ii) evaluate the effects of topsoil application has been a major challenge facing researchers and land (stockpiled vs. nonstockpiled) over waste rock materials managers.
on plant community development, and (iii) determine A variety of approaches have been considered for the effect of OM and topsoil treatments on plant trace reclaiming acid mine waste including direct revegetation element uptake (Mn, Cu, Zn, Cd, and Pb) . This paper focuses primarily on results from data collected in the third and fourth growing seasons (1998 and 1999) of use is presented in Table 1 . Background data for the topsoil
MATERIALS AND METHODS
and waste material used in this study are not available. A
Site Description
description of each treatment is presented below: The Summitville Mine Superfund Site is located in Rio
• TRT-SMP: Incorporated limestone (102 Mg ha Ϫ1 ), mushGrand County, 29 km southwest of Del Norte, CO, at an average room compost (90 dry Mg ha Ϫ1 ), and ProMac (1420 kg elevation of 3500 m. The site is surrounded by the Rio Grand ha Ϫ1 ) into upper 30 cm of waste rock. Applied 15 cm National Forest within the San Juan Mountain Range. The limed (8.3 Mg 1000 Mg Ϫ1 ), stockpiled topsoil over latitude and longitude of Summitville are 37Њ25Ј30″ N and amended waste rock. 106Њ36Ј30″ W, respectively. The entire permitted mine site covers 567 ha, and is comprised of six plant communities Creek, drain much of the runoff and seepage from the site. an initial greenhouse study (Redente et al., 1996) . The study one-way analysis of variance. Aboveground biomass was set as the dependent variable and treatment was set as the indeStockpiled topsoil was found to be very acidic (average pH pendent variable. Treatment effects were tested for signifiof 2.8 before liming). Stockpiled topsoil was limed when used cance within grass, forb, and total aboveground biomass at in TRT-SMP, -SM, and -SB, but not in TRT-NS and -NSC.
the ␣ ϭ 0.05 level. Mean separation tests were performed with This material was not limed in TRT-NS and -NSC to better least significant difference (LSD) at the ␣ ϭ 0.05 level. examine potential upward acidification of material over unPlant canopy cover was measured in August 1996 though amended waste rock.
1999. Cover was visually estimated in 1996 and 1997, with a After individual treatments were in place, plots were disked 0.5-ϫ 1.0-m quadrat placed every two meters along a 20-m to break up large soil aggregates and establish a good seedbed.
randomly placed transect, for a total of 10 quadrats per plot. Fertilizer was then applied with a tractor and fertilizer Cover was estimated in 1998 and 1999 with the point intercept spreader. Treatments M and B did not receive topsoil, and method; four transects were randomly placed lengthwise in were therefore treated with higher rates of fertilizer than the each plot and cover was observed and recorded for 150 points other treatments. Fertilizer rates were as follows: TRT-SMP, at 0.5-m intervals along the transects. -SM, -NM, -M, -SB, and -B: ammonium nitrate (33-0-0) at 112 kg elemental N ha Ϫ1 ; triple super phosphate (0-44-0) at Soil pits (one per plot) were excavated in test plots, in 1999, to allow for observation of root growth and collection of soil that will (i) reduce percolation of water to underlying samples. Soil samples were collected from all layers of soil unamended waste materials and (ii) provide long-term and waste rock (except waste rock in TRT-NSC) in each test erosion control. Some underlying waste materials may plot, for a total of 88 samples. Samples were air-dried and contain high concentrations of trace elements or have sieved through a 2-mm mesh sieve. The following analyses high acid production potentials, and hence reduction were performed on each soil sample: (i) pH with a 1:1 soil of water flow to these materials will reduce potential and water mixture (Self and Rodriguez, 1999) ; (ii) total organic contaminant flow to ground water and/or reacidification carbon content with a LECO (St. Joseph, MI) CNH 1000 highof the site. Greater plant biomass will lead to reduced temperature induction furnace (Nelson and Sommers, 1996) percolation of water into underlying materials via tranand gravimetric inorganic carbon analysis (Self and Rodriguez, 1999) ; (iii) plant "available" trace element concentration (Mn, spiration. Plant production is an important factor of Cu, Zn, Cd, and Pb) with an ammonium-bicarbonate diethylecosystem functioning and was measured to determine enetriamine pentacetic acid (AB-DTPA) extraction (Soltanwhich treatments promoted the greatest plant growth. pour and Schwab, 1977) followed by inductively coupled Biomass was also used as an indicator of the extent to plasma-atomic emission spectrometry (ICP) analysis; and (iv) which the soil surface was protected from both wind total trace element content with a nitric-perchloric-hydroand water erosion and high solar radiation loads.
fluoric acid digest (Self and Rodriguez, 1999) TRT-SB ϭ 125 g m Ϫ2 and -B ϭ 134 g m
Ϫ2
) and treatSamples were then analyzed for Mn, Cu, Zn, Cd, and Pb with a nitric-perchloric acid digest (Self and Rodriguez, 1999) ments that did not receive organic amendment (in 1999:
followed by ICP analysis.
TRT-NS ϭ 121 g m Ϫ2 and -NSC ϭ 108 g m
) supported less plant growth, respectively. The mushroom compost used was found to be more effective than the biosolids
RESULTS AND DISCUSSION
as an organic amendment. It appears that mushroom
Aboveground Biomass
compost was more effective in terms of its nutrient availability (Table 1) , and therefore may have facilitated Primary goals of site-wide reclamation at the Summitville Mine include establishment of a plant community plant growth to a greater extent. For example, the mush- low in alpine systems (Everett et al., 1981) , and can waste rock in TRT-NS, upward acidification was not evident as there was no difference in topsoil pH between which were two of the dominant grasses on site in 1996 TRT-NS and TRT-NSC. Furthermore, no difference in (Redente and Richard, 1998) , were absent or present biomass production was found between TRT-NSC in only trace amounts in 1999. This indicates that these (108 g m
Ϫ2
) and TRT-NS (121 g m
), indicating that species may be useful as cover crops at the site. Both liming of waste rock has been as effective as the use of barley and timothy (Phleum pratense L.) were probably a capillary barrier in establishing plant growth. Analysis introduced to the site through mulching, yet timothy, of total soil and plant tissue trace elements in TRTunlike barley, increased with time. This is a reminder NS and TRT-NSC does not indicate that the upward that mulch selection is important as it can influence movement of trace elements was affected by the presthe long-term species composition of reclaimed areas. ence of a capillary barrier.
Overall, forb diversity at the site decreased with time. The application of ProMac in TRT-SMP did not sigIn 1996, western yarrow accounted for 21% of forb nificantly alter aboveground biomass from that seen in growth at the site, while it accounted for 89% in 1999. TRT-SM (198 and 210 g m Ϫ2 , respectively), which was Finally, annual species that were observed during the the same treatment without ProMac. Therefore, any first two growing seasons (Redente and Richard, 1998 ) variation in biomass between TRT-SMP and other treatwere no longer present on the plots in 1999 (Winter, ments was probably due to the presence of mushroom 2000). compost and/or stockpiled topsoil rather than the addition of ProMac. In both 1997 and 1999, it was noted that root growth in TRT-SM appeared to be more exten-
Soil Analysis
sive than that in TRT-SMP (Redente and Richard, 1998;  Proper amendment of soil and waste materials to Winter, 2000) . Some studies have reported that bactericreate a growth medium suitable for plant establishment cides enhance reclamation success by reducing the activis critical for successful revegetation. In 1999, soil samity of acid-producing bacteria (Maierhofer, 1988; Ras- ples were collected and analyzed to examine soil pH, soil togi, 1996). Conversely, other studies have found the organic matter (SOM), and trace element availability. use of bactericides to result in decreased plant production and reduction in nontargeted microbial populations Soil pH due to nonselective elimination of beneficial soil bacteria (Ingham et al., 1991; Zelles et al., 1985) . Hence, Variation in pH existed among soil-subsoil layers ProMac may have negatively affected root growth due within each treatment (Table 4) , and may have affected to nonselective elimination of beneficial soil microorplant growth. Unamended waste rock and unlimed ganisms.
stockpiled topsoil were very acidic with an average pH There was little change in plant composition relative of 2.8. Conversely, pH of the nonstockpiled topsoil, to life form (i.e., grass vs. forb) during the first four limed stockpiled topsoil, and amended waste rock was years of this study. In 1996, grasses accounted for 76% more favorable for plant growth and was more similar of total herbaceous cover (Redente and Richard, 1998) , to those of native reference soils (pH 4.9 to 5.3; Richard while they accounted for 82% in 1999 (Table 3) . Howand Redente, 1996) . Hence, the addition of lime to ever, shifts in species composition were observed during acidic soil and mined-waste materials in this study was this period. Mountain brome (Bromus marginatus Nees effective at raising the pH of the materials during the four years following application. ex Steud.) and common barley (Hordeum vulgare L.), Root growth was absent or greatly diminished in the biosolids (TRT-B and -SB) or no organic amendments (TRT-NS and -NSC) had amended waste rock layers unamended waste rock layers in all test plots (Winter, 2000) . In the Beartooth Plateau, Brown et al. (1996) with a lower SOM content and supported lower amounts of aboveground biomass (in 1999: TRT-SB ϭ 125 g also found rooting activity to be confined primarily to amended soil layers. Lack of root growth in unamended m Ϫ2 , -B ϭ 134 g m Ϫ2 , -NS ϭ 121 g m Ϫ2 , and -NSC ϭ 108 g m
Ϫ2
). The difference in SOM among treatments waste rock may be due to either the acidic nature of this material or its lack of OM and essential nutrients reflects differences in composition of the organic amendments used: on a dry weight basis, the mushroom com- (Table 4 ). It was noted that extensive root growth occurred in areas of high OM content (Winter, 2000) , post applied was 29% OM compared with the biosolids that contained approximately 11% OM (calculated from which supports the assumption that OM and/or availability of essential nutrients may have influenced root C to N ratio). In addition to its ability to supply plant nutrients, the growth. However, root growth was also sparse in the unlimed stockpiled topsoil used in TRT-NS and -NSC.
ability of OM to bind trace elements has also been well established (Sposito, 1989 ; Kabata-Pendias and Pendias, This supports the assumption that low pH limited rooting activity, as the pH of unlimed stockpiled topsoil was 1984; Stevenson, 1982) . Hence, the use of OM may be useful in mine land reclamation for reducing the biosimilar to that of the unamended waste rock. At low pH it has been found that plant cell membrane integrity availability of potentially phytotoxic trace elements. In general, in this study the highest trace element tissue diminishes, availability of macronutrients decreases, trace element availability increases, and beneficial soil concentrations were found in plants from treatments that did not receive additional organic amendment (TRTorganism activity decreases (Lyle, 1987) . Some or all of these factors may have impeded root growth in the NS and -NSC). These treatments also supported the lowest amounts of aboveground biomass. Lower biomass unamended waste rock and unlimed stockpiled topsoil.
could be due to either reduced nutrient availability (from lack of additional OM) or increased bioavailability of Soil Organic Matter trace elements. This study was not designed to deterThe importance of incorporating OM into mine spoils mine how OM might benefit plant growth due to its to improve nutrient availability and soil physical properability to reduce the bioavailability of trace elements, ties has been well established (Berg et al., 1986; Cham- but this relationship should be examined more extenbers et al., 1988) . The application of 89.3 Mg ha Ϫ1 of sively in future studies. mushroom compost to agronomic crops has been shown to increase crop production by up to 900% due partially Total and DTPA-Extractable Soil Trace Elements to increases in nitrogen availability (Rhoads and Olson, 1995) . Municipal biosolids have also been widely recog- Kabata-Pendias and Pendias (1984) have reported values for total concentrations of trace elements considnized as an effective short-term fertilizer and source of long-term slow-release nitrogen (Hall, 1984) . Hence, ered as phytotoxic to agronomic species in surface soils: 1500 to 3000 mg kg Ϫ1 Mn, 60 to 125 mg kg Ϫ1 Cu, 70 to incorporation of OM may benefit the establishment of a perennial plant community necessary for achieving 400 mg kg Ϫ1 Zn, 3 to 8 mg kg Ϫ1 Cd, and 100 to 400 mg kg Ϫ1 Pb. Analysis for total soil trace elements indicated site-wide reclamation goals.
Soil organic matter appears to be a primary factor that concentrations of Cu, Zn, Cd, and Pb were within levels considered potentially phytotoxic in all soil and influencing aboveground biomass in this study. Treatments that incorporated mushroom compost (TRTsubsoil layers (except Cu levels in the stockpiled topsoil layers), while concentrations of Mn were within normal SMP, -SM, -NM, and -M) had relatively high SOM content in amended waste rock layers (Table 4) and levels in all samples (Table 5) . Total soil concentrations of Cu, Zn, Cd, and Pb did not appear to be problematic supported the greatest aboveground biomass (in 1999: TRT-SMP ϭ 198 g m Ϫ2 , -SM ϭ 210 g m Ϫ2 , -NM ϭ 177 g in this study as no visual signs of phytotoxicity were observed and plant tissue analysis indicated "normal" m
, and -M ϭ 172 g m
). Treatments that incorporated uptake of these elements (see discussion under Plant rates. Bioavailability of Mn is governed by environmental factors and pH and Eh conditions (Sposito, 1989) . Tissue Analysis, below). Furthermore, total trace element concentrations did not correspond with trends Soils in this study were poorly drained (noted by extensive ponding of water in soil pits) and therefore were seen in aboveground biomass (Fig. 2) . This indicates that species used in this study are more tolerant of trace considered to represent a strongly reducing environment (low Eh). Under acidic, reduced conditions Mn elements than species used for determining maximum agronomic trace element limits, and that existing total (typically as Mn 2ϩ ) becomes readily available, which may explain why tissue Mn was found to be relatively soil trace element phytotoxicity standards are not applicable to this study.
high for some plants sampled, while total soil concentrations were within normal levels. Conversely, tissue conTotal soil trace element concentrations may not directly correlate with plant uptake due to a variety of centrations of Cu, Zn, Cd, and Pb were within normal levels, while total soil concentrations were elevated. different mechanisms that influence the bioavailability and uptake of trace elements by plants. Furthermore, Extraction procedures with DTPA were developed to analyze the fertility of slightly acidic to alkaline agdifferent trace elements will accumulate differentially within plants (i.e., elements with high mobility will be ricultural soils (Soltanpour and Schwab, 1977) . Recently, such procedures have been applied on minedreadily translocated to aboveground parts, while others may accumulate in roots) and different plant species land soils for determination of trace element availability. It has been suggested that this method is of marginal use will accumulate and translocate elements at variable for comparing available soil trace element concentration in species sampled from topsoiled treatments (TRT-SMP, -SM, -NM, -SB, -NS, and -NSC; Table 6 ). Treatto plant uptake and establishing nonagronomic toxicity thresholds useful for mined land reclamation (Levy et ments receiving nonstockpiled topsoil (TRT-NM, -NS, and -NSC) supported plants with the highest trace eleal., 1999). Due to a lack of more appropriate alternative analytical methods, an ammonium-bicarbonate diethylment concentrations. This is reflective of local conditions as soils within this region are highly mineralized enetriamine pentacetic acid (AB-DTPA) extraction was used to examine trace element availability (Winter, 2000) .
and contain naturally high concentrations of Mn (United States Bureau of Reclamation, 1996; Redente and RichCurrently, there are no established DTPA-extractable trace element concentrations that can be cited for phytoard, 1998). The nonstockpiled topsoil used was found to contain higher concentrations of Mn, Cu, Zn, and Pb toxicity in nonagronomic species. Levy et al. (1999) have suggested some possible DTPA-extractable trace elethan the stockpiled topsoil used (Table 5 ). Conversely, treatments that did not receive topsoil (TRT-M and -B) ment concentrations as potentially excessive: Ͼ70 mg kg Ϫ1 Zn, Ͼ6.5 mg kg Ϫ1 Cd, and Ͼ20 mg kg Ϫ1 Pb. Based supported growth with relatively low levels of tissue trace elements. These results indicate that topsoil chemion these suggested values, DTPA-extractable Pb was high in nonstockpiled topsoil samples (60.7-98.4 mg cal properties may be more significant than those of the waste rock when considering trace element effects on kg Ϫ1 Pb), but within normal limits for all other samples (0.2-4.6 mg kg Ϫ1 Pb), and DTPA-extractable Zn and revegetation at this site. Overall, uptake of Mn, Cu, Cd, Zn, and Pb did not Cd were within normal limits in all soil-subsoil samples (3.9-54.0 and 0.1-0.5 mg kg Ϫ1 , respectively). appear to be problematic on the test plots as tissue concentrations of these elements did not show distinct patterns corresponding to those seen for aboveground Plant Tissue Analysis biomass (Fig. 2) . Although plant uptake of Mn was high In 1999, orchardgrass, slender wheatgrass, and westcompared with current standards, no visual signs of Mn ern yarrow were sampled from each test plot to evaluate toxicity, such as chlorotic spots and necrosis of young uptake of trace elements (Mn, Cu, Zn, Cd, and Pb).
leaves and reduced turgor (Kabata-Pendias and PenTissue concentrations of Mn in orchardgrass (from dias, 1984), were noted. Purple leaf discoloration was TRT-MN, -NS, and -NSC) and yarrow (from TRT-SM, noted, particularly early and late within the growing -NM, -SB, -NS, and -NSC) exceeded toxicity thresholds season, in some species growing on the test plots. This established for agronomic species (Kabata-Pendias and was attributed to accumulation of anthocyanins in plant Pendias, 1984; Table 6 ). Conversely, concentrations of tissues, rather than a deficiency of phosphorus or an Cu, Zn, Cd, and Pb were below levels considered phytoexcess of trace elements. Bright light and low temperatoxic; again based on agronomic standards. Additionally, tures, characteristic of high elevations, can result in low monitoring of native reference areas near the study site tissue chlorophyll content and a buildup of anthocyanins showed similar plant uptake of these elements (Richard in leaf and young stem tissue (Billings, 1974) . and Redente, 1996; Redente and Richard, 1998) . Regardless of treatment or metal, yarrow constantly showed CONCLUSIONS the highest levels of elemental uptake among the species sampled. It is typical for dicotyledonous plants to absorb Treatments used in this study were designed to test trace elements at higher rates than monocots (Sauerspecific combinations of OM and topsoil to determine beck, 1991).
which combination would be the most effective for sitewide reclamation at the Summitville Mine Superfund Elevated tissue concentrations of Mn were only noted Site. It is expected that species composition and producconcentrations of Mn from some samples were elevated, but no visual signs of Mn toxicity were noted. Additiontion will continue to change over time as plants interact, as they modify their environment, and as soil developally, trace element tissue concentrations did not show distinct patterns correlating with those noted for abovement proceeds. The following conclusions can be drawn from data collection and analysis during the first four ground biomass. Due to the deficiency of information regarding phytotoxicity of trace elements to nonagroyears of this study: nomic species, toxicity values established for agronomic 1) Incorporation of OM into waste rock promotes crops have been used. Yet, agronomic species typically plant growth. Treatments that incorporated OM suphave lower toxicity thresholds than the perennial species ported more aboveground biomass than treatments that used in mine land reclamation (Chaney, 1983 ; Paschke did not incorporate OM. Furthermore, the mushroom et al., 2000), and therefore, comparisons with current compost used was found to be more effective as an standards are of marginal use. More research is needed organic amendment than the biosolids (possibly due to to establish functional toxicity thresholds for reclamaits increased nutrient content), and therefore facilitated tion species. plant growth to a greater extent. These results are spe-8) Total trace element content of soil and waste matecific to the materials used, and will vary depending on rials is not problematic on the test plots. Total concena given material's composition, processing, application, trations of Mn were within levels considered normal. etc. Therefore, analysis should be done on all organic
Concentrations of Cu, Zn, Cd, and Pb were elevated in materials prior to use to determine their potential effecsome samples, but no visual signs of plant toxicity were tiveness as amendments.
noted. The potential effects of elevated soil trace ele-2) Properly amended, stockpiled topsoil is suitable ments on the growth of nonagronomic species have not for use in site-wide reclamation. Stockpiled topsoil that been sufficiently characterized. Phytotoxicity levels for was limed supported aboveground biomass comparable soil trace elements are difficult to establish due to the with that supported by nonstockpiled topsoil overlying variability of toxicity thresholds in native plant species, amended waste rock. The stockpiled topsoil used in this chemical and physical soil properties, potential element study had low biological activity due to the manner in interactions, and numerous environmental factors. More which it was stored. Further research should be conresearch is needed to develop methods for accurately ducted to determine how differences in microbial activanalyzing trace element bioavailability in acidic mine soils ity of stockpiled and nonstockpiled materials affect recand determining toxicity limits. lamation at such sites.
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